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Introduction

Background
For over forty years tensile fabric has been used for a wide variety of large scale, architecturally striking structures, including sports stadia, airports and shopping malls [1] . A fabric membrane acts as both structure and cladding, thereby reducing the weight, cost and environmental impact of the construction [2] . Architectural fabrics have negligible bending and compression stiffness, which means that fabric structures must be designed with sufficient curvature to enable environmental loads to be resisted as tensile and shear forces in the plane of the fabric. This contrasts with conventional roofs in which loads are typically resisted by arch action or by stiffness in bending. The shape of the fabric canopy is vital to its ability to resist all applied loads predominantly in tension: to resist both uplift and down-forces (typically due to wind and snow respectively) the surface of the canopy must be double-curved and prestressed. Typically conic or saddle shapes are used to achieve this, taking advantage of their inherent double-curvature ( Figure 1 ). Fabric structures are prestressed to ensure that the fabric remains in tension under all load conditions and to reduce deflections. The low weight of the fabric means that gravity or 'self-weight' loading is often negligible. Consequently, tensile fabric is frequently more structurally efficient and cost-effective for large span roofs than conventional construction methods. 
Material properties
Architectural fabrics typically consist of woven glass fibre yarns with a polytetrafluoroethylene (PTFE) or Silicone coating, or woven polyester yarns with a polyvinyl chloride (PVC) coating. The woven yarns provide tensile strength, whilst the coating stabilises and protects the weave and provides waterproofing and shear stiffness. The interaction of warp and fill yarns (known as 'crimp interchange', Figure 2) results in complex, non-linear biaxial stress-strain behaviour that cannot directly be inferred from uniaxial test results [3] [4] [5] . Under biaxial load the ratio of the applied loads will determine the equilibrium configuration of the crimp. This balancing of the crimp results in a highly variable stiffness and Poisson's ratio. For isotropic, homogeneous solids Poisson's ratio cannot exceed 0.5, however for architectural fabrics higher values are commonly used to model the large negative strains which occur under biaxial load [6] . Use of biaxial fabric test data in structural analysis is typically set within a plane stress framework using elastic moduli and interaction terms [7] . This enables the complex non-linear fabric behaviour to be approximated by parameters that are compatible with available structural analysis software. Inevitably this results in simplification of the non-linear data, with no procedure for quantifying the significance of this simplification to the analysis and design of the structure. Due to the expense of testing, and limited understanding of how to interpret biaxial test results, assumed linear elastic material properties are frequently adopted for analysis and design. 
Form finding and analysis
The form of a fabric structure cannot be prescribed but must be determined from the geometry of the supporting structure. Early work on fabric structures [8] used soap bubbles to determine this form, in a process known as form finding. To achieve a uniform prestress the fabric must take the form of a 6 minimal surface. The minimal surface joins the boundary points with the smallest possible membrane area, has uniform in-plane tensile stresses throughout, and is in equilibrium. Prestress can be chosen to be isotropic (equal prestress in warp and fill directions) resulting in a true minimal surface, or for more control of the membrane form the ratio of warp to fill prestress can be varied (anisotropic prestress).
The modeling and analysis of membrane structures is a two-stage process -form finding followed by load analysis -requiring specialist finite element analysis software. For the first stage, boundary conditions (support geometry, fixed or cable edges) and form finding properties (fabric and edge cable prestress forces) are defined. Form finding is independent of the fabric material properties. A soap-film form finding analysis [9] provides the membrane geometry and prestress loads. A new model is created with this updated ('form-found') geometry that is used for the analysis stage. Subsequently the fabric material properties are defined, loads are applied (typically prestress, wind, & snow) and a geometrically non-linear (large displacement) analysis is carried out assuming zero bending and compression stiffness.
The form finding component of membrane structure analysis is not commonly found in other structural analysis software and has led to the development of bespoke analysis methodologies beyond the normal scope of finite element codes. The basis of the geometrically non-linear analysis may be continuum based, use a mesh of discrete elements in the form of cables, or be a combination of both approaches. Finite elements formulated on plane stress principles clearly fall in the continuum-based category, making use of orthotropic material properties including elastic moduli (axial and shear) and Poisson's ratios. Representing the membrane as a cable network with elements aligned in the warp and fill directions with the elastic stiffnesses of the cables taken as the uniaxial stiffness of the fabric in each orthogonal direction, clearly ignores some material interactions, and negates the use of Poisson's ratio and the fabric shear modulus. In combining these two principal approaches, the membrane surface may be subdivided into sets of triplets of arbitrarily orientated geometrically nonlinear cables (or bars) where the axial stiffness (both elastic and geometric) and axial forces of each cable can be determined by treating the area bounded by the triplet of cables as a continuum [e.g. 9, 10] . Some of the cables may be referred to as bars since compressive axial forces may be required in certain instances to represent the continuum stress state. It is a reasonable expectation that these approaches will lead to potentially dissimilar solutions, particularly at the elastic analysis stage.
Due to geometric non-linearity results from different load cases cannot be combined and load factors should not be used [11, Clause 6.3.2] ; each combination case (e.g. prestress + wind uplift) is analysed separately and a permissible stress approach is used to assess the required membrane strength [7] .
Engineering groups across a range of countries have adopted alternative design stress factors that have been derived using a number of different approaches, with values varying from 3 to 8. Whether or not it is explicitly stated, the magnitude of all of these values is driven by the knowledge that fabric strength is severely reduced by the presence of a tear [12] . The large magnitude of the stress factors, combined with the common misnomer of referring to them as 'safety factors', gives potentially false comfort to the designer that a large margin of safety has been incorporated in the design, and that this will accommodate any other uncertainties that may not have been explicitly considered.
Why carry out a round robin exercise?
Tensile fabric structures are used for large-scale iconic structures worldwide, yet analysis and design methodologies are not codified in most countries and there is limited design guidance available [7, 13] .
Non-linear material behaviour, large strains and displacements and the use of membrane action to resist loads require a fundamentally different approach to structural analysis and design compared to traditional roof structures. It is well known that several alternative simulation approaches are used, each with particular characteristics and capabilities. Furthermore, there are no benchmarks for membrane structure analysis. Exact analytical solutions are difficult to obtain for form finding and analysis of membrane structures, with limited work to date giving solutions for special cases of cable net and pneumatic structures [8] and mathematically defined minimal surfaces [14] .
Against this backdrop of uncertainty, CEN Technical Committee 250 Working Group 5 has started the work of drafting Eurocode 10 for membrane structures. The Eurocode will be expected to include generic guidance on acceptable analysis methodologies, and it is important that the standard reflects current practice. In addition, it is anticipated that the Eurocode will contain Annexes describing multiple, appropriate analysis methodologies in detail. This work is clearly important at the European level, and also internationally given the link between the CEN and ISO organisations through which CEN standards may be adopted worldwide. To achieve a consistent, coherent code some harmonisation of the current analysis methods is required, in particular an understanding of the significance of any differences between existing methods.
A round robin exercise [e.g. 15, 16] refers to an activity such as an experiment, simulation or analysis of data performed independently by multiple institutions. Once the exercise is complete the solutions are reviewed and compared. The exercise presented here was organised by the TensiNet Analysis and Materials Working Group. TensiNet (www.tensinet.com) is a multi-disciplinary association for all parties interested in tensioned membrane construction, which aims to disseminate best practice in all aspects of membrane structure analysis, design, manufacture and fabrication. The aim of this exercise is to facilitate an understanding of the analysis methodologies used in the design of membrane structures, and to understand any variability introduced by different analysis tools. Four different tensile fabric structures have been defined in detail, with participants required to carry out the form finding and load analysis of each structure and report key values of stress, deflection and reactions. The value of the round robin exercises will be: 3. The methods used in the round robin exercise may be readily incorporated into Eurocode 10 as indicative analysis approaches, 4. By analysing the same membrane structures it will be possible to see how the analysis is applied to each structure, and to be able to understand what may be expected as outputs from the analysis. This will also prove useful in helping to define the "reporting section" of Eurocode 10, 5. Data from the round robin exercise will be used to identify the material test requirements (e.g. biaxial, shear, tear strength…) as inputs to the particular analysis approaches. This will contribute to the drafting of the testing EN being produced by CEN248 Working Group 4 (Coated Fabrics). • Geometry of support points and definition of boundary conditions (e.g. point support, fixed edge, edge cable).
Description of the exercises
• Membrane material type (e.g. PVC/polyester, PTFE/glass, silicone/glass) and mechanical properties represented by warp and fill stiffness, Poisson's ratios and shear stiffness,
• Fabric orientation / patterning direction,
• Fabric (and edge cable) prestress in warp and fill directions,
• Edge cable diameter and material properties (exercises 3 & 4),
• Loading magnitude and direction, and analysis (load combination) cases.
The geometry of the membrane surface has not been provided, but must be determined using a form finding analysis with the support geometry and prestress values as input. The analysis of the membrane structure will be under the assumption of static loads. Other aspects of the analysis methodology are not prescribed, and are expected to be that which the participants normally use in practice.
Particular features have been included in the exercise specification to test the significance of known limitations in certain analysis codes:
• Asymmetric prestress, i.e. differing prestress values in warp and fill directions (exercise 1),
• Specification of shear stiffness and Poisson's ratio values (all exercises),
• Poisson's ratio greater than 0.5 (exercise 4),
• Inclusion of a structure for which shear stiffness is significant to its structural performance (exercise 4). A hypar structure with two high points and two low points works primarily by spanning between opposite corners, with downward load transferred to the high points and upward load transferred to the low points. To optimise performance the warp and fill directions should run from corner to corner ( Figure 4 , Exercise 3). For efficiency of manufacturing, or for more complex hypar shapes (Figure 1, centre) , the yarn directions may span from edge to edge. In this case the shear stiffness of the material will be critical to the performance of the structure.
• Four independent elastic constants (warp and fill stiffness E w and E f , Poisson's ratios for warpfill and fill-warp interaction, ν wf and ν fw ) which do not conform to the reciprocal relationship, i.e. ν wf / E w = ν fw / E f (exercise 4).
Results of the exercises have been collected on detailed forms which request values of maximum and minimum warp, fill and shear stresses for each analysis case, reactions at specified locations and maximum membrane displacement. Details of the analysis methodology (e.g. name and version of the software, reference or website link describing the basis of the software, etc.), assumptions made to obviate the need for specific data not provided as part of the task specification and reasons for not making use of any part of the information provided as part of the task specification were requested. In addition, the minimum tensile strength of the fabric required to construct each fabric structure was requested, to be accompanied by a statement of the design criteria used to specify the fabric strength.
The specification of required fabric strength is the one output from the round robin that requires independent input from the analyst. The choice and method of application of stress factors is not codified, and values proposed in design guidance vary greatly. 
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Participants
The exercises have been attempted by 22 participants from 20 different organisations (two organisations provided two different solutions), representing fourteen engineering design consultancies and six universities from four countries in Europe, the Middle East, South-East Asia, and the United States (see list of authors and affiliations for details). For such a specialist analysis exercise, this response represents a significant proportion of the organisations that would be capable of carrying out such exercises world-wide. The exercise has been completed with the understanding that it aims to increase the current state-of-the-art of the analysis of membrane structures, and that the results would be disseminated through the activities of Tensinet (www.tensinet.com) and other publications. The exercise was undertaken without fee or liability, and it was agreed that the results would be anonymous.
The analysis codes used by the participants are listed in Table 1 . The codes are listed in alphabetical order, such that they cannot be related to the participant numbers used in the presentation of the results, to avoid compromising anonymity. (1) E = elastic modulus, v = Poisson's ratio, w = warp direction, f = fill direction, N/A = not applicable, NDP = no details provided (2) A value of vfw = 0.457 complies with the reciprocal rule for the specified values of Ew, Ef and Ewf. The specified value of vfw intentionally did not comply. shear stress, and some academic institutions have chosen not to supply 'design stresses' as they do not routinely do this. The most significant data has been presented and analysed in this paper; a complete set of original, anonymous data is available from the publisher's website (Table T1 ).
Form finding and prestress
Analysis of a form-found structure with prestress loading applied is typically carried out to assess the quality of the form finding process for that structure. If isotropic prestress has been applied and the boundary conditions allow a minimal surface to be achieved, then the stress levels should be equal to the specified prestress and be uniform throughout the membrane, and the displacements should be zero.
If the boundary conditions preclude a minimal surface from being achieved, then specification of anisotropic prestress and/or accepting a poorly converged form finding solution will enable a form to be generated which will have varying levels of prestress at different points on the structure. If this structure is analysed with prestress loading equal to the original, specified prestress values then displacements will occur in order to achieve equilibrium. If the applied prestress values are those determined by the form finding analysis then the structure should be in equilibrium. The choice of whether to apply the specified prestress or the prestress from the form finding analysis was not specified in the exercise, and this distinction is rarely considered in practice.
Seven participants commented that it was impossible to achieve uniform values of prestress for a conic with differing levels of prestress in warp and fill directions, as specified in Exercise 1. "…it is not possible to generate a doubly curved surface with constant anisotropic prestress distribution, but if the prestress is allowed to vary around its mean value, many interesting and physically stable shapes can be generated" [14] . The non-linear change in curvature in the warp (radial) direction results in a non-linear variation in stress from the base of the conic to the head-ring. Two participants stated that the ratio of the warp stresses at the base and head-ring should be approximately equal to the ratio of the length of the boundaries at the base and head-ring. The approximation is due to the base being square rather than circular, resulting in variable curvature around the structure. For the conic described in Exercises 1 and 2 the base is 56.0 m long and the head ring diameter is 12.6 m, giving a ratio of 4.4. This is broadly consistent with the variation in stress levels at prestress, with the maximum warp stress varying from 5.1 to 11.4 kN/m and the minimum from 1.6 to 3.2 kN/m for a target value of 4.0 kN/m.
The variable curvature around the square base should give lower stresses at the corners of the structure where the ratio of curvature between the base and ring will be small (Figure 6 A), and higher stresses on the sides of the structure which have lower curvature (Figure 6 B) . On the contrary, for the two examples shown the stresses are higher in the corners suggesting incorrect form finding resulting in the structure primarily spanning along these radial lines rather than achieving uniform load distribution.
Boundary conditions for which a minimal surface cannot be achieved, combined with anisotropic prestress, is commonly specified in engineering practice to enable the range of feasible conic forms to be extended to meet architectural requirements [17] . Uniform prestress is frequently assumed for compensation testing and patterning, but often this will not be achieved in practice. prestress many form finding methodologies are not achieving the minimal surface for the specified boundary conditions. It is important to note that the form finding analysis does not utilise the material properties, but is based purely on the boundary geometry and prestress levels.
The hypar described in Exercise 3 is arguably the simplest possible membrane structure, and the prestress values in Figure 5 show a much closer correlation to the target value. Exercise 4 has two bays but is otherwise very similar to Exercise 3, yet even this small increase in complexity gives a sudden divergence from the target prestress values. It is noted that real structures are frequently of much greater complexity than these four exercises, implying potentially greater divergence. Form finding is the one part of the analysis and design process where part of the solution should be known -the aim is to achieve uniform prestress at the target value (or a smooth variation of prestress with changing radius of curvature for asymmetric prestress). Therefore, the form finding stage may be described as a partial benchmark. The analysis process should start with a check that analysis with prestress loading gives the required prestress, and the variation and distribution of stresses at prestress should ideally be included in the analysis output to facilitate assessment of the quality of the form finding and analysis.
Membrane stresses under wind and snow loading
Under wind loading the maximum stress values are generally quite consistent (Figure 7 kN/m, and this is fairly typical of exercises 1, 2 and 4. One of the design requirements for tensile fabric structures is to avoid the membrane becoming slack, as this can potentially lead to flapping, creasing and even structural instability. It is therefore significant that the variation in minimum stress is large, with some participants predicting zero stress (i.e. slack fabric), where the majority concurred that the structure remains in tension under all load conditions. This would lead to some designers deeming the structure to be unsuitable for construction and requiring design changes, with others proceeding with installation.
Snow loading shows even greater stress variability than wind loading, with the distribution and variability of results differing significantly between exercises and load cases (Figure 8 ). Given that the exercises are well defined structures with simple geometry the variability is very large. For each output parameter a measure of variability is given by dividing the interquartile range by the mean; for example for maximum warp stress due to snow load this gives 4.4/14.0 = 31%. The average of this measure for all output shown in Figure 8 is 44%. A key problem in assessing these results is that the correct values are not known. Given the high level of problem definition there should be a unique value for each output, but there is no reason to think that the mean, median or any other value is necessarily correct. With many analysis codes based on similar approaches, it may be that an outlying value, if generated by a single analysis code using a theory more representative of the membrane structure physics, is actually correct.
This lack of benchmarks and validation is a key problem for the advancement of the field. 
Stress factors and specified fabric strength
For the design of membrane structures the maximum warp and fill stresses are typically multiplied by stress factors to determine the required fabric strength ( Figure 9 and Table 2 French design guide [18] 4.44 4.44
Quality factor (1.0) x area factor (0.9) x original factor security for medium pollution (4) 4. 
Shear
Shear stresses and strains are rarely reported in fabric structure design, but shear strains are generated during installation to enable a structure with double curvature to be developed from flat panels.
Subsequently displacements under load will result in further shear strain. It is generally considered that fabrics have limiting values of shear strain beyond which the shear stiffness increases and the fabric will tend to wrinkle [23, 24] . For this reason it is common practice to use materials with softer coating (PVC-polyester or silicone-glass) for structures with high levels of double curvature, and to reduce panel widths for stiffer materials (PTFE-glass) to reduce the magnitudes of shear deformation during installation.
Shear stress values were reported by 17 participants, with no shear information available from discrete analyses that do not consider shear stiffness. Exercise 4 was intentionally specified to provide a structure that utilises the shear stiffness of the material to span between pairs of high and low points.
The result was a larger variation in shear stress than for the other exercises ( Figure 10 ). Excluding outliers, the shear stress for Exercise 4 ranged from zero to 5.1 kN/m, which equates to shear angle of zero to 2.9°. This variability, combined with a lack of knowledge about fabric shear behaviour, means that it is extremely difficult for a design engineer to make meaningful choices about patterning and design based on shear stress and strain output, and highlights the need for further work in this area. 
Displacements under wind and snow loading
Maximum displacement values are more consistent than stress values for most exercises and load cases ( Figure 11 
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Support reactions
The substantial variability of warp and fill stresses discussed above inevitably results in highly variable support reactions ( Figure 12 ). The design of the supporting structure is fundamental to the efficiency, cost and elegance of a lightweight structure. High support reactions will increase the size of edge cables and connection details, which are often costly stainless steel components. Large connections and oversize steelwork will severely detract from both the overall aesthetic quality of the structure, and will impact on the potential economic and environmental benefits of this form of construction. 
Influence of analysis type
From the participants' descriptions of their analysis software (Table 1) 
Figure 14. Comparison of maximum warp and fill stresses for two analysis types
The difference between the two analysis methodologies is clear when displacements are considered ( Figure 15 ). For conic structures (exercises 1 and 2) there is little difference in the results between the analysis types, but for hypars (exercises 3 and 4) the discrete analyses give much greater variability.
The importance of the choice of analysis methodology for hypar structures is further emphasised by the support reactions, which show much greater variability for the discrete analysis ( Figure 16 ).
For exercise 4 the continuum analyses use a range of values of Poisson's ratio (from 0.3 to 0.8, Table   1 ), but the variability in stress, displacement and reaction values is low, and no greater than for other loadcases. This is consistent with previous work [17] which found that membrane structure analysis typically has limited sensitivity to variations in Poisson's ratio, and suggests that the key difference between the continuum and discrete analyses is the omission of shear stiffness from the latter.
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Conclusions
When the round robin exercise was launched, the organisers received several comments of the form:
"Why are you doing this? -the exercises are so well defined that it is inevitable that everyone will get the same results". The results presented above clearly justify the need for an exercise of this type, and the need for future work to harmonise analysis methods and provide validation and benchmarking for membrane analysis software. Consistency is required to give confidence in the analysis and design process, to enable third party checking to be carried out in a meaningful and efficient manner, to provide a more harmonious approach for Eurocode development, and to enable safe and efficient structures to be constructed.
The results show very high levels of variability in terms of stresses, displacements, reactions and material design strengths. For most output parameters there is a wide spread of values. It is difficult to generalise but the standard deviation and the interquartile range are both commonly 25 -50% of the mean value. Extreme outliers are present in almost every output that has been considered, and these suggest errors at some stage in the analysis process -this may be in the problem set-up, analysis code itself, interpretation of the results or reporting. With typically two or three extreme outliers for any reported value, it is clear that rigorous checking procedures should be implemented for membrane structures to prevent severe under-or over-design.
Analysis of simple, well defined structures at prestress showed large variations in stress levels. It is clear that in exercise 1 an equilibrium surface cannot be achieved with the specified prestress and boundary conditions. In cases such as this, the actual prestress values may be considerably higher than the specified values. Actual prestress values from the analysis, rather than the specified values, should be used for compensation testing and patterning, particularly (but not exclusively) for structures with anisotropic prestress. The range and distribution of stresses from analysis at prestress should always be included in the analysis output. Comparison of prestress levels with the target values provides the only currently available method of the checking the quality of the form finding and analysis -but this check is only valid if a minimal surface can be achieved for the specified boundary conditions and prestress. The difficulties in form finding which occurred with exercise 1, and the subsequent variability in analysis results, highlights the importance of engineers working closely with architects during the initial design phases to ensure that the desired form can be achieved efficiently. There are software packages available that are aimed specifically at this process and facilitate form finding and conceptual design of lightweight structures (e.g. formfinder, www.formfinder.at).
For certain structures, in particular multi-point hypars (e.g. Figure 1 , centre), the choice of patterning direction combined with the treatment of shear stiffness in the analysis leads to fundamental changes in the behaviour of the structure, which results in large variations in the support reactions. Accurate calculation of support reactions is vital to ensure efficient, elegant, safe design of connection details and supporting structure. It is important for designers to understand which structures are sensitive to patterning and shear, to use appropriate analysis tools for these structures, and to ensure that the patterning direction is maintained and communicated from analysis through design to construction.
The overall range of stress factors used by participants to determine the required material strength is 2.8 to 7.1. This range is very large, and clearly some standardisation is required to enable meaningful design checks to be carried out, and for a consistent level of safety and efficiency to be provided in fabric structures.
Throughout the analysis of the round robin results the clear problem has been that the 'correct' values are not known. Benchmark structures with known forms and stress distributions are required to enable validation of analysis codes, but the development of these benchmarks is not straightforward. Checking the analysis at prestress for structures with isotropic prestress levels is straightforward, as the correct unique minimal surface form will give uniform prestress levels equal to the target value. Beyond this, for anisotropic prestress and for load analysis the solutions are not known. The exercises have shown that use of a simple hypar for testing or benchmarking of an analysis tool is not sufficient -this test may be passed but any increase in complexity can result in rapidly divergent output.
The tasks used for this round robin were precisely defined, with fully specified geometry, material properties and loading. In reality, both the material properties and loading may be less well defined and 30 their determination requires considerable engineering judgement. Material properties involve design and specification of non-standard tests and interpretation of complex, non-linear test data to provide values of elastic constants for analysis. Wind and snow loading codes do not include provision for the complex forms typical of fabric architecture, and only the largest projects can afford bespoke wind tunnel testing.
Further round robin exercises are proposed on interpretation of material test data and calculation of structural loading to provide a full picture of the variability inherent in current fabric structure design practice. Table T1 : complete, anonymous data from the round robin exercise is available on the publisher's website in Comma Separated Variable (.csv) format.
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